Background: Tetracycline is a photosensitising medication that increases skin vulnerability to UV-related damage.
MATERIALS AND METHODS
Study population. Details of the three cohorts are presented in the Supplementary Information. In 1982 (NHS) and 1992 (HPFS), participants were asked 'did you ever take tetracycline for at least 2 months at a time (e.g., for acne or other reason)' and for how long they had used tetracycline. In 1993 (NHS2), participants were asked whether they had ever taken tetracycline (without specifying 'at least two months') and for how long they had used tetracycline. In 2006, we sent a supplementary questionnaire to 100 HPFS participants (50 reported X4 years of use and 50 reported o4 years) and asked the indications for tetracycline use. Of them, 83 returned the completed questionnaire, with acne (51.8%, 43 out of 83) and rosacea (19.3%, 16 out of 83) reported as the primary indications. Only 12.0% (10 out of 83) denied or could not remember using tetracycline for X2 months (Sutcliffe et al, 2007) .
Participants reported diagnoses of melanoma, SCC, and BCC on biennial surveys. Related medical records for melanoma and SCC were reviewed and only pathologically confirmed invasive cases were included in our analysis. The BCC diagnoses were not confirmed but previous studies have indicated high validity of selfreports (Colditz et al, 1986; Hunter et al, 1992) .
Among participants with information on tetracycline use, we excluded those reporting any cancer at or before the baseline (1982 in NHS, 1993 in NHS2, and 1992 in HPFS) and all non-whites.
Statistical analysis. Person-years of follow-up were calculated from the return of the baseline questionnaire to the diagnosis date of melanoma, SCC, or BCC, death, or end of follow-up (June 2012 for NHS, June 2011 for NHS2, and Jan 2010 for HPFS), whichever came first. We calculated age-and multivariate-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) using Cox proportional hazards analysis stratified by age and calendar time in each 2-year interval. Covariates in the multivariate-adjusted models are shown in the Supplementary Information. To address the concern of confounding by indication, we conducted sensitivity analyses by additionally adjusting for indications for tetracycline (history of periodontal disease in NHS/HPFS; severe teenage acne, adulthood severe acne, and rosacea in NHS2) or excluding those reporting these conditions. We examined whether UV exposure (ambient erythemal UV radiation, a measure of both UVA and UVB) or sun-sensitive phenotypes modified the associations between tetracycline use and skin cancer risk (Supplementary Information online). Stratified analyses were also conducted by body sites of melanoma/SCC and Breslow thickness of melanoma. Heterogeneity tests were conducted using Q statistics. We used random-effect meta-analysis models to get pooled HRs across the three cohorts.
Analyses were conducted using SAS 9.2 (SAS Institute Inc., Cary, NC, USA). All P-values were two tailed with the significance level set at Po0.05.
RESULTS
A total of 213 536 participants were included ( Table 1 ). The mean (s.d.) age was 48.4 (7.2) years in NHS, 38.1 (47.1) years in NHS2, and 59.0 (9.5) years in HPFS at baseline. Tetracycline users tended to have more severe or blistering sunburns and had higher UV exposure. Table 1 . Baseline characteristics of the study population (1982 in NHS, 1993 in NHS2, and 1992 We identified 1831 melanoma cases during follow-up. We did not find significant associations between risk of incident melanoma and either ever tetracycline use (multivariate-adjusted pooled HR ¼ 1.11, 95% CI ¼ 0.95-1.29), or duration of use (Ptrend ¼ 0.33, Table 2 ).
A total of 3332 SCC and 36 377 BCC cases were documented during follow-up. Ever tetracycline use was significantly associated with modestly increased risk of BCC, with a pooled HR of 1.11 (95% CI ¼ 1.02-1.21). The association appeared stronger in NHS (HR ¼ 1.20, 95% CI ¼ 1.13-1.28) than NHS2/HPFS and was not statistically significant in HPFS. There was a trend towards elevated BCC risk with increasing duration of use (P-trend ¼ 0.05; Table 3 ). Although we did not find a significant association for SCC overall (HR ¼ 1.04, 95% CI ¼ 0.91-1.18), we observed positive interactions between tetracycline use and UV exposure in adulthood on SCC risk (pooled P-interaction ¼ 0.05); the HR (95% CI) of SCC risk associated with tetracycline was 0.89 (0.73-1.10) for the lower half of UV exposure and 1.17 (0.99-1.40) for the upper half of UV exposure. We did not find significant modifications of SCC risk by sun-sensitive phenotypes, nor did we find any interactions for risk of BCC or melanoma. In stratified analyses, we did not find significant heterogeneity between tetracycline and melanoma risk by body sites or Breslow thickness of melanoma, or SCC risk by body sites (data not shown).
Sensitivity analyses did not materially change the findings (data not shown).
DISCUSSION
In our prospective study, tetracycline use was associated with modestly increased risk of BCC, but not with melanoma and SCC risk overall. Ambient UV radiation may interact with tetracycline use, increasing the risk of SCC.
Only limited studies have examined the associations between tetracycline use and risk of skin cancer. A Danish national registerbased cohort study found a significant association between any shortterm use of tetracycline and risk of melanoma (incidence rate ratio (IRR) ¼ 1.1, 95% CI ¼ 1.1-1.3), SCC (IRR ¼ 1.5, 95% CI ¼ 1.4-1.7), and BCC (IRR ¼ 1.3, 95% CI ¼ 1.3-1.4), but for long-term use of ), smoking (never, past, or current smokers), alcohol intake (0, 0-4.9, 5-9.9, or X10 g per day), childhood reaction to sun (practically none, some redness, burn, or painful burn/blisters), childhood tanning ability (practically none, little, average, or deep tan; NHS only), times of sunburns (0, 1-2, 3-5, 6-9, or X10), mole count (0, 1-2, 3-5, 6-9, or X10), hair colour (red, blonde, light brown, dark brown, or black), family history of melanoma (yes or no), citrus consumption (o2 times per week, X2 to r4 times per week, 44 times per week to o1 time per day, or X1 time per day), average sun exposures (o1, 2-5, 6-10, or X11 h), and erythemal UV radiation (in tertiles).
tetracycline (additional five courses of treatment with tetracycline), the association remained significant only for BCC (Kaae et al, 2010) . A case-control study reported an increased risk of BCC (OR ¼ 1.8, 95% CI ¼ 1.2-2.8), but not SCC (OR ¼ 1.0, 95% CI ¼ 0.6-1.7), associated with ever tetracycline use (Robinson et al, 2013) .
Previously, we have reported heterogeneous associations between UV radiation and risks of different skin cancers (Li et al, 2016 ). In the current study, risk of SCC with tetracycline use increased among those with higher UV exposure, and this may support our hypothesis that tetracycline, as a photosensitising medication, acts as a co-carcinogen with UV radiation. However, we did not find similar interactions by UV radiation for BCC, nor did we find significant interaction between sun-sensitive phenotypes and tetracycline use on any skin cancer risk. Whether the observed modestly increased risk of BCC is directly due to tetracycline's phototoxic effects requires further investigation.
We observed much higher proportion of ever tetracycline users in NHS2 (45.0%) than NHS (4.9%) and HPFS (3.1%) ( Table 1) . Ever use of tetracycline was defined in NHS/HPFS as 'use for at least two months' and the majority of NHS/HPFS users may have used for acne or rosacea (Sutcliffe et al, 2007) . Different from NHS/HPFS, NHS2 collected information on 'ever use of tetracycline' without specifying 'at least two months'. Tetracycline came into commercial use in 1978, when NHS (age 30-55 years at cohort inception in 1976) and HPFS (40-75 years at cohort inception in 1986) participants were far beyond the adolescence for teenage acne. In addition, because of secular changes, the use of tetracycline has greatly increased. These may explain the observed high proportion of ever users in NHS2 (age 25-42 years at cohort inception in 1989). We collected diagnoses of acne/rosacea in NHS2 and diagnosis of periodontal disease in NHS/HPFS, although we did not specifically ask the diseases that tetracycline was used to treat for each individual. In one prior analysis of NHS2, severe teenage acne was associated with increased melanoma risk and decreased SCC risk, but was not associated with BCC . In another study, rosacea was associated with increased BCC risk (Li et al, 2015) but we lack sound biological plausibility for the associations. Sensitivity analyses to address concern of confounding by indication (acne and rosacea in Multivariate-adjusted analyses were performed adjusting for covariates as described in the footnote of Table 2 .
NHS2 and periodontal disease in NHS/HPFS) did not change our findings appreciably. Therefore, it is less likely that the observed associations can be directly explained by these diseases. Our study has limitations. First, the cohorts did not assess use of other tetracycline class members. Therefore, we cannot assess use of other tetracycline family antibiotics, particularly doxycycline that has recognised photosensitising properties (Layton and Cunliffe, 1993; Drucker and Rosen, 2011) . The above-mentioned Danish study reported significantly increased risk of melanoma, SCC, and BCC associated with doxycycline use (Kaae et al, 2010) . However, a case-control study did not find significant associations with skin cancer (ORo1) (de Vries et al, 2012) . Another tetracycline class drug, minocycline, is not considered photosensitising (Drucker and Rosen, 2011) . Second, tetracycline use was only asked once and not updated during follow-up. This may have biased our effect estimates towards the null, as further exposure to tetracycline was not accounted for. We cannot assess whether skin cancers developed more frequently in tetracycline users with ongoing or repeated exposure. The different way of data collection on ever tetracycline use in three cohorts (NHS2 vs NHS/HPFS) is also a limitation of our study. Third, we cannot rule out residual confounding by aesthetic-related concerns; participants taking tetracycline antibiotics to treat visible skin diseases may be more likely to seek UV exposure for tanning purposes that would increase their risk of skin cancer.
In conclusion, ever tetracycline users had a modestly increased risk of BCC. Tetracycline use and higher UV exposure may jointly increase SCC risk. Although the effect tends to be at most modest, considering the common use of tetracycline antibiotics in clinical practice, our study supports further investigation on the potential skin cancer risk associated with tetracycline, particularly for prolonged periods of use and in individuals with high levels of UV exposure.
